In-situ x-ray experiments were conducted to examine the electric-field-induced phase changes in PZT-5H materials. The x-ray diffraction profiles at different electric field levels were analyzed by peak fitting and used to identify the occurrence of non-180° domain switching and phase transition. We found that, in depolarized samples, there 
I. Introduction
Perovskite ferroelectric/piezoelectric PbZr 1-x structures, while at lower temperatures, it was believed that they become tetragonal or rhombohedral structures. The composition, x, determines whether a tetragonal or rhombohedral structure is formed at a given temperature. The phase boundary in the phase diagram, which separates tetragonal from rhombohedral region is called the morphotropic phase boundary (MPB) 1 . Recently, Noheda et al. reported a new phase in polycrystalline PZT materials, which belongs to one type of monoclinic phases [2] [3] [4] . They suggested that the MPB that was previously believed to separate tetragonal and rhombohedral phases is actually the boundary between tetragonal and monoclinic phases.
They also suggested there exist a "morphotropic phase" region between tetragonal and rhombohedral regions in the phase diagram 3 . The new monoclinic phase was also observed by Souza Filho et al. 5 .
Extraordinarily strong piezoelectric constants are found mostly in materials with compositions near the MPB. Although the large piezoelectric constants are normally believed to be due to the coexistence of morphotropic phases and the associated phase changes, the underlying mechanisms remain unsettled [6] [7] [8] [9] [10] [11] [12] [13] . On the other hand, it has been found that piezoelectric constants exhibit a large nonlinear behavior [14] [15] [16] [17] [18] . Above a threshold electric field, the piezoelectric constant increases if the amplitude of the applied electric field increases. The threshold level can be very low or nearly zero 15, 16 , or can be a finite value 17 . It was also observed that the piezoelectric constant depends on the 25, 26 . A direct observation seems to provide some evidence for such distortions 11 . But more careful and thorough experiments are needed to confirm the type of those distortions. Therefore, direct observations of electric field induced microstructural changes are critical to clarify the mechanisms responsible for the strong and nonlinear behavior in polycrystalline piezoelectric materials.
In the present paper, in-situ x-ray diffraction experiments were performed on a PZT-5H material. Direct observations of non-180 o domain switching and phase transition at different electric fields were made for depolarized and polarized samples. Our results provide specific information on the microstructural changes giving rise to the material's piezoelectric properties, and show the effect of residual stresses on the nonlinear piezoelectric behavior.
II. Experiment
Thin plate specimens of PZT-5H are used in our experiments. Recent research suggested that PZT-5H could have a combination of tetragonal and rhombohedral phases 16 or a combination of tetragonal and monoclinic phases 3, 4 . Figure 1 shows the geometries of a tetragonal, a rhombohedral, and a monoclinic unit cell. The peaks is studied first. Domain and phase changes are further studied by peak fitting.
Those peaks are carefully fitted by a peak fitting program Xfit-Koalariet developed by
Cheary and Coelho 27 . The peaks are fitted by a pseudo-Voigt (PV) shape function and the two-wavelength effect is taken into account. Furthermore, the anisotropic peak width and coexisting phases are also considered 3, 4 . Figure 2 shows the diffraction profile of a PZT−5H sample over a wide 2θ-range, indicating the pseudo-cubic peak locations. Under a positive electric field, the change of diffraction profile is very small and gradual.
III. Results and Discussions

Effect of Electric Fields on Diffraction Peaks
Under a negative electric field, the peak profile changes slowly at low fields and profoundly when
. These observations are consistent with the value (.5E C )
observed by Wang et al., in which they applied an electric field perpendicular to the 7 poling direction and measured strains in both the poling direction and that normal to the poling direction 22 . switching. This effect is likely due to the residual stresses generated during the poling process.
Fitting of Peaks
Because of the co-existence of morphotropic phases, each of the above pseudocubic diffraction peaks is composed of multiple peaks corresponding to different phases. Table 1 lists all the possible peaks at pseudo-cubic (111), (200), and (220) regions for tetragonal, rhombohedral and monoclinic phases in PZT-5H. In principle, all these phases, therefore the corresponding peaks, may be present in the material and thus within a particular pseudo-cubic peak. To study possible domain switching and phase transition, we conducted peak fitting to determine the individual peaks for different phases. We focused on the pseudo-cubic (111), (200), and (220) regions since other peaks would either contain too many individual peaks for different phases or have too low a 2θ angle to be very accurate.
We consider a mixture of two phases, either a mixture of tetragonal and rhombohedral phases or that of tetragonal and monoclinic phases. Practically, the number of individual peaks would be too large if we tried to fit the peaks to a mixture of three phases. Two methods are used in the fitting: one is to fit the individual peaks of the two phases to each of the three experimentally measured pseudo-cubic peaks; the other is to fit the individual peaks of the two phases to pseudo-cubic (220) peak to determine the lattice parameters of the two phases, and then use the lattice parameters to calculate the 2θ values of other peaks in the two phase mixture at pseudo-cubic (111) and (200) regions.
As seen in Table 1 , for the pseudo-cubic (111), (200), and (220) peaks, we need to fit 3, 3, and 4 individual peaks for a mixture of tetragonal and rhombohedral phases; or 4, 4, and 6 peaks for a mixture of tetragonal and monoclinic phases, respectively. The fitted 2θ values of individual peaks are listed in the third column in Table 2 , where T, R, and M stand for tetragonal, rhombohedral, and monoclinic phases.
With the second method mentioned above, by using the pseudo-cubic (220) Table 2 . It is clearly seen in Table 2 that the peaks positions obtained by these two methods agree with each other extremely well, rendering confidence in the current peak fitting methods and in the accuracy of the determined lattice parameters.
The results in Table 2 seem to suggest that both morphotropic phase compositions, i.e., mixture of tetragonal and rhombohedral phases or mixture of tetragonal and monoclinic phases, are possible compositions at room temperature. The current method is not able to determine which of these is the more likely microstructure of PZT-5H.
Effects of Electric Fields on Domain Switching and Phase Change
With the information on individual peak positions and intensities of different phases, we are now able to study the domain switching and phase change induced by the applied electric field. Figure 6 illustrates the fitted peaks at pseudo-cubic (200) region in a depolarized sample at E = 0 and E = E C . Figure 6(a) shows the fitted peaks for a mixture of tetragonal and rhombohedral phases. It clearly shows that, as an electric field of E C is applied, the intensity of T(002) increases while that of T (200) Whereas upon an electric field of -0.8E C , domain switching and phase transition in the opposite direction to those in Fig. 6(b) are induced in a large amount.
IV. CONCLUSIONS
Electric field induced domain switching and phase transition were studied using insitu x-ray diffraction. Through the changes of x-ray diffraction profiles of pseudo-cubic peaks upon applied electric field, we identified when the switching and transition occur.
Our results indicate that, for a depolarized PZT-5H sample, there exists a threshold field level below which little non-180° domain switching or phase transition occurs. This threshold value is significantly lower than the material's coercive field. In a polarized sample, on the other hand, no obvious threshold exists. When the applied electric field is in the same direction as the poling direction, the non-180° domain switching and phase change occur from a low electric field, although the switching and transition happen rather slowly as the applied electric field level increases. When the applied electric field is in the opposite direction from the poling direction, however, the changes are much more profound. These observations indicate that residual stresses in the material play an important role in inducing domain switching and phase change. The dependence of the non-180° domain switching and phase transition on the applied electric field in polarized materials is believed to be responsible for the electric field direction-dependent nonlinear piezoelectric behavior of PZT-5H. 
